The effect of the number of amino acid residues in L -glycyl-L -glycine and L -glycyl-L -glycyl-L -glycine on thermal stability of powders, the sorption properties and surface morphology of thin films has been found. Dipeptide forms the film coated with disk-shaped nano-objects on the hydrophilic substrate, while tripeptide self-organizes to the film coated with nano-crystals on the hydrophobic substrate. Replacement of substrates (hydrophilic→hydrophobic) leads to the formation of smooth films of studied oligopeptides. Powders of oligopeptides do not form stable clathrates with water and organic compounds at room temperature. But their thin films are capable to bind organic or water vapors with high thermodynamic activity. Surprising difference in sorption selectivity of dipeptide and tripeptide has been observed. L -Glycyl-L -glycine predominantly binds organic H-donors, while L -glycyl-L -glycyl-L -glycine is more selective to H-aceptors.
INTRODUCTION

.
The study of self-organization of oligopeptides permitted us to establish that the form of nanostructures depends on type 17, 20 , quantity 21 and sequence [22] [23] [24] of amino acid residues in oligopeptide molecules. Also the form depends on the solvents used for crystallization of peptide materials 25 or for saturation of amorphous oligopeptide films 26 , from pH 27 and humidity 28 of environment, peptide concentration in solution 29 , and type of substrate used for creation of oligopeptide structure 28, 30 .
Such variety of factors makes oligopeptides attractive for using as supramolecular structural blocks. However, on the other hand this feature complicates the development of techniques for controllable self-organization of oilgopeptides for obtaining of nanomaterials with preset structure and properties.This leads to the fact that normally researchers limit their study in relation to a small number of short-chain oligopeptides 31 , in particular diphenylalanine 8, 32 .
In the present work the effect of number of amino acid residues in L -glycyl-L -glycine (GG) and L -glycyl-L -glycyl-L -glycine (GGG) on morphology of surface of their films by atomic-force microscopy (AFM) was studied for the first time. Also the effect of quantity of amino acid residues on thermal stability of these oligopeptides was studied using thermogravimetric (TG) analysis with simultaneous differential scanning calorimetry (DSC) and massspectrometric (MS) detection of the evolved vapors. Their sorption properties towards vapors of water or organic compounds were investigated on a quartz crystal microbalance (QCM-sensor).
EXPERIMENTAL
Materials
Dipeptide L -glycyl-L -glycine (GG) (ChemImpex, Cat# 001656) and tripeptide L -glycyl-L -glycyl-L -glycine (GGG) (Chem-Impex, Cat# 04555) were used without additional purification Purified organic solvents 33 had at least 99.5% purity. 
Scheme 1: Structures of oligopeptides
Thermoanalysis by Simultaneous TG/DSC/MS
Simultaneous thermogravimetry (TG) and differential scanning calorimetry (DSC) analysis of oligopeptide powder with mass spectrometric (MS) evolved gas analysis were performed using thermoanalyzer STA 449 C Jupiter (Netzsch) coupled with quadrupolar mass-spectrometer QMS 403C Aeolos (Netzsch) as described elsewhere 34, 35 . In each experiment, the temperature rate was 10 K/ min, and an argon atmosphere with a total flow rate of 75 ml/min was used. For this experiment, 5-7 mg samples of sorbate-free oligopeptide were placed in aluminum crucibles (40 µl) with lids having 3 holes, each of 0.5 mm in diameter. The samples of oligopeptide saturated with water or organic vapors were prepared in the same crucibles by equilibration of powder of oligopeptide with vapors of these sorbates (P/P 0 =1) for 72 h at 25°C in hermetically sealed 15 ml vials. The TG/DSC/MS experiment began after 20 minutes of sample equilibration at 25°C in argon flow of 75 ml/min. The sample mass loss was determined with the error of 5 %.
QCM study of sorbate binding
A sensor device with 10 MHz QCM crystals (Part No. 151620-10, ICM Co. Inc, USA) of thickness shear mode (TSM) was used 34 . The oligopeptide coatings (~0.80 µg) were prepared by drop and drying (for 2 min) by hot air (45°C) of methanol solution on the gold surface of quartz crystals.
In a QCM sensor experiment, a liquid sorbate was sampled using microsyringe to the sensor cell bottom through a dosing hole in the cell cover. The sampled sorbate amount was twice as large as necessary to create a saturation vapor in the sealed cell. Still, the cell was made not hermetical during sensor experiment to avoid sorbate condensation on the coating surface. The sorbate relative vapor pressure P/P 0 was kept below saturation level by the vapor leak through the dosing hole. This level is equal to P/P 0 = 0.85 36 .
A sensor baseline noise did not exceed 3 Hz. The frequency change of quartz crystal ΔF in sensor experiments was determined with the reproducibility of 5% for ΔF > 50 Hz.
To regenerate the oligopeptide coatings after the sorbate binding, they were dried by hot air as described above. This regeneration procedure was repeated at least twice until the constant sensor frequency was achieved.
Atomic force microscopy (AFM)
AFM images in topography and phase modes were recorded using the atomic force microscope Solver P47 (NT-MDT, Russia) 26, 28 . Measurements were performed in air using a tapping mode. Standard silicon cantilevers NSG-11 (NT-MDT, Russia) were used. For AFM experiments, oligopeptide films with diameter of 3 mm were prepared on the surfaces of highly oriented pyrolytic graphite (HOPG) or mica plates (5× 5mm) using the same technique as for QCM study. HOPG and mica were freshly cleaved before use.
RESULTS AND DISCUSSION
Thermal analysis of oligopeptides and its powders saturated with vapors of water and organic compounds
Thermal stability of powders of GG and GGG was studied using combined method of thermal analysis. Obtained results are given in Fig. 1 .
Dipeptide GG was found to melt above 230°C with loss of mass, Fig. 1a . TripeptideGGG melts at temperature 249°C, Fig. 1b . Mass loss of sample caused by its thermal decomposition was observed at temperature above 251°C. On massspectrometric curves there are signals of water (m/ z=18) and carbon dioxide (m/z=44) above melting temperatures, Fig. 1 . Higher thermal stability of GGG is apparently related to its molecular weight -288 g/mol, as compared to 231 g/mol for dipeptide.
Below melting temperatures of studied oligopeptides on DSC curves there are no signals associated with its phase transition. Obtained results permit us to confirm that heating of thin films of oligopeptides up to 45°C in sensor experiment does not lead to change in its mass or chemical composition.
In the present work the products of oligopeptides saturated with vapors of organic compounds or water were studied. It was found that powder of GG and GGG do not form stable inclusion compounds neither with H-donors (water, methanol and hexafluoroisopropanol) nor H-acceptor (pyridine) at room temperature. On TG curves there are no signals associated with loss of mass. According to data of mass-spectrometric analysis in evolved vapors there are no sorbates used for saturation of oligopeptides. Examples of data of thermal analysis of powders of GG and GGG after saturation with vapors are given in Fig. 2 . For further study of interaction of oligopeptides GG and GGG with vapors the sensor analysis was used. This method allows to study heterogenic systems "solid/vapor" with thermodynamic activity of vapors P/P 0 =0.85, while in thermal analysis the thermodynamic activity of vapors P/P 0 is near to zero.
The sensor analysis of vapors sorption by GG and GGG
We have determined the composition of saturation products of thin films of oligopeptides of GG and GGG with vapors using the quartz crystal microbalances. Examples of sensor responses are shown in Fig. 3 .
The calculated sorbate/oligopeptide molar ratios S from sensor data are given in Table 1 . In Table 1 is also given the values of molar refraction MR D of studied sorbents. MR D is a good parameter to describe molecular size 22, 37 .
It was found that GG has a maximum sorption capacity to water and methanol, GGG -to water, Table 1 . Increase of size of sorbate molecules leads to decrease of sorption capacity of studied oligopeptides. For example, from methanol to water the molecule size increases at 2.2 times and sorption capacity of GG decreases to about 4%, while for GGG this value decreases to ~ 66%.
For analysis of effect of quantity of amino acid residues in GG and GGG on their sorption properties the correlation between the sorption capacity of GGG and GG was plotted, Fig.4 . Point numbers correspond to the sorbent numbers from Table 1 .
It was found that dipeptide has selectivity for H-donors (alcohols) and water, while tripeptide is selective to H-acceptors (nitriles), Fig. 4 . Probably this is caused by different packing of oligopeptide molecules on hydrophobic surface of gold electrode. In case of dipeptide the presence of free acceptor groups in thin layer capable to interact with Hdonors may be assumed. Whereas in the film of tripeptide there are free H-donor groups. 
Morphology of thin films of oligopeptides according to AFM data
To study the morphology of surface of thin films of oligopeptides the images of films deposited on highly oriented pyrolytic graphite (HOPG) or mica were obtained, Fig. 5-7 .
The surface of HOPG as well as gold coating of quartz crystal microbalances used in present work is hydrophobic. In contrast to HOPG the surface of mica is hydrophilic and may be charged.
AFM data obtained in present work permitted us to enquire the state of thin films on surface of quartz crystal microbalances. Also the effects of substrate and number of amino acid residues in oligopeptide on morphology of its film were studied.
It was found that dipeptide GG forms the smooth film on HOPG, Fig.5a . The average height spread on a 10×10 µm scan does not exceed 10 Whereas tripeptide GGG forms the film uniformly covered by complex crystallographic objects with width 50-100 nm, length 300-700 nm, and height 0.4-2 nm, Fig. 5b ,c. The average height spread on a 5×5 µm scan was 9 nm. The crystallographic steps of HOPG do not influence on distribution and shape of crystals of GGG. It is to be noted that some crystalline objects on film surface intersect. The intersection angles are 50-70° (60° is more often).
Earlier we have found that dipeptides Lalanyl-L -valine and L -valyl-L -alanine also form the smooth amorphous films on HOPG surface 22 . While on surface of the films of L -leucyl-L -leucine 28 and Lleucyl-L -leucyl-L -leucine 26 there are spherical objects and crystals, correspondingly.
On the surface of mica tripeptide GGG forms smooth film, Fig. 6 . The average height spread on a 10×10 µm scan does not exceed 10 nm. A mean square roughness of the surface (R q ) was 0.34±0.02.
On the surface of mica GG self-organizes into film uniformly covered by objects of spherical form with a base diameter from 200 to 3000 nm, Fig.  7a ,b. The average height spread on a 50×50 µm scan was 70 nm. The large objects have a complicated form reminding pyramid, which built of a few discs of different diameter. Example of such object is given in Fig. 7c,d . Thickness of discs of pyramids vary from 10 to 25 nm, Fig.7 . On top of the pyramids there are ledges with height from 17 to 35 nm, base diameter of 700-1000 nm and diameter at peak of 200 nm. The small spherical objects with height of 25-40 nm have close diameter at top and base diameter from 1.4 to 2.5 µm. It is to be noted that such objects earlier were not described in the literature.
So, AFM study of films of GG and GGG shows that depending on the type of substrate (hydrophilic or hydrophobic) the films with different morphology may be obtained. Dipeptide forms a smooth film on hydrophobic surface, while the tripeptide forms such film on hydrophilic surface.
CONCLUSIONS
In the present work the thermal stability of powders of L -glycyl-L -glycine and L -glycyl-L -glycyl-L -glycine and its receptor properties toward vapors were studied. It was found that tripeptide has higher thermal stability compared to dipeptide. The sorption capacity of studied oligopeptides generally decreases with increase of molecule size of sorbates. Herewith dipeptide and tripeptide show the selectivity to H-donor and H-acceptor compounds, correspondingly. The morphology of thin films of L -glycyl-L -glycine and L -glycyl-L -glycyl-L -glycine on different substrates was studied. The dipeptide forms a film covered with spherical objects on hydrophilic surface of mica and smooth film on hydrophobic surface of HOPG. In case of tripeptide a smooth film formed on mica surface, but on hydrophobic surface of HOPG film is covered with crystalline objects. Obtained results may be useful for design of organic films with necessary morphology.
